Engineering Drive
I. INTRODUCTION
A new bi-state soft magnetic material bas recently been developed [I] that offers the intriguing property of adjustable permeability by means of heat treatment. That is, sufficient heating of this material causes its relative permeability to permanently drop by nearly three orders of magnitude &om approximately 900 to 1 (i.e., air). Since this heating can be achieved locally within a given sample, the material provides the basis for designing monolithic soft magnetic structures consisting of adjacent regions of high and low permeability (see Fig. 1 ) without the need for welding or joining of magnetic and non-magnetic materials. Table I provides a tabulation of key magnetic and mechanical properties for this new material (designated YEP-FA1 by its manufactnrer) in the two right-most columns. The tradeoff between magnetic permeability and mechanical strength is apparent by comparing these two columns for the material with (Mag.) and without (Nonmag.) heat treatment. While heat treatment reduces the permeability by 9W1, the
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Raw Material Transformation Composite . That is, much wider steel bridges can be introduced at the ends and mid-points of the rotor magnet cavities that significantly improve the mechanical integrity of the rotor without the accompanying disadvantages of low-reluctance shunting paths between the magnet north and south poles. This offers a significant new degree of freedom in the design of futnre IPM machines. In exchange for the bi-state magnetic characteristics, the new material offers lower saturated flux density and higher coercive force values than conventional silicon steels.
Furthermore, the cost of this new material in the stainless steel family is expected to be higher than silicon steel.
The purpose of this paper is to explore the benefits and limitations of this new bi-state magnetic material when applied to a specific IPM machine application. In particular, a direct-drive automotive starter-alternator (S/A) application that has previously been addressed using conventional M19-grade silicon steel [6] was selected in order to provide a convenient basis for direct comparisons. An identical set of performance specifications was used for this new design exercise, including 150 N-m starting toque and 6 kW power generation at 6000 rpm.
Additional tradeoffs are also apparent in Table I. 0-7803-7817-2/03/$17.00 02003 IEEE Performance comparisons are provided using a variety of criteria including volume, size, weight, cost, and peak rotor mechanical stress. Although specific to this machine, such comparisons are useful for providing guidance on how this material can be applied most effectively to other applications.
n. MACHINE DESIGN APPROACH
The design tool used for this investigation is the same one used previously to design the starter/altemator machine using conventional silicon steel for both the stator and rotor [6] .
More specifically, this design software combines a nonlinear lumped-parameter magnetic circuit model of the IPM machine with a Monte Carlo optimization algorithm in order to find the best machine design to minimize cost. The magnetic lumped-parameter model developed to analyze the IPM machine includes magnetic saturation that particularly affects the rotor iron permeances along the q-axis, orthogonal to the magnet field orientation.
[7].
Electromagnetic finite element analysis has also been used for the final machine designs in order to verify key electrical parameters and to evaluate their Erque ripple characteristics. A lumped-parameter thermal model is also incorporated into the software to evaluate all of the key steady-state temperatures withim each candidate machine design [SI.
Early in the investigation^ it became clear that attention should be focused on designs that use silicon steel such as M19 for the stator laminations and bi-state magnetic material for the rotor laminations only. Attempts to use-the bi-state magnetic material for both the stator and the rotor resulted in unacceptably poor machine characteristics because of the lower permeability and saturation flux density of the composite material compared to M19 silicon steel. Since the properties of the YEP-FA1 material are only particularly needed for the IPM rotor bridges and center posts, it makes sense to apply^ it only in the rotor while retaining conventional silicon steel for the stator.
Two altemative design approaches using the YEP-FA1 material have been investigated during this study. The fmt design approach (Design #I) assumes that both the bridges at the ends of the rotor magnet cavities and the center posts at their midpoints are heat-treated so that they are non-magnetic (i.e., ~1 ) . The second approach (Design #2) assumes that only the center posts are nonmagnetic; thin saturahle bridges are retained at the ends of the cavities. For both cases, the lumped-parameter magnetic circuit models for calculating the stator inductances and the magnet flux linkage have been modified appropriately to include the new regions of non-magnetic material. An overview of these lumped-parameter models using conventional steel and the modifications needed to represent the introduction of the new hi-state magnetic material will be presented in the following subsections.
A. Figure 2 shows the magnetic equivalent circuit for calculating the stator d-axis inductance Ld for' the baseline case of M19 steel. Note that the d-axis is defined to be aligned with the magnet flux as shown in Fig. 2 . A.key assumption is made that the bridges and center posts are fully saturated by the magnet flux. As a result, the incremental permeability of the bridges and posts is assumed to be the same as that of air @=1).
For each of the two magnet layers, the lumped reluctance of the magnet should actually appear in parallel with the saturated bridge and center post reluctances to provide a detailed representation of the magnetic circuit Since the bridges and posts are very narrow compared to the widths of the magnets, the saturated reluctances of these elements are very high compared to that of magnet layer. As a result, their effect on the parallel combined reluctance is negligible, -and the total reluctance can be modeled as that of the magnet alone, as shown in Fig. 2 . Subsequent electromagnetic analysis has supported the validity of this approach, confirming that the reluctances of the bridges and center posts are sufliciently high that they have almost no shunting effect on the magnet flux.
In the case of the new bi-state magnetic material, the bridges are assumed to be non-magnetic (i.e., p=1). Since this is the same assumption that was made for the saturated bridges and center posts in the original design as described above, no modification of the original d-axis model in Fig. 2 is required for either Design #1 or Design #2.
It should be noted that subsequent testing of a prototype version of the original startedaltemator machine using all M19 steel has shown that the bridges and center posts are not fully saturated under light-load conditions [9] . This creates some error between the value of Ld predicted by the lumpedparameter model and the actual measured value when the daxis current is close to zero. This same observation applies to Design #2 that retains the saturating bridges, leading to some ermr in the light-load Ld prediction that will he discussed later in Section III.B of this paper when the results of f d t e element analysis are presented. Figure 3 shows the magnetic equivalent circuit that is used for calculating the stator q-axis inductance Lq for all three machine design cases. Each of the three rotor reluctances, R V~, R+, and R, 3, are formulated to include the effects of magnetic saturation. When the hi-state magnetic material is used for the rotor, the same basic equivalent circuit can be applied as for the baseline case of M19 material.
However, the outer bridges along the rotor surface have a similar electromagnetic effect as slots in the stator lamination for the fmt design approach (Design #1) since all of the rotor bridges are assumed to be nonmagnetic &I). As a result, it is useful to introduce a Carter coefficient for the rotor to supplement that already introduced for the stator in order to model the effect of the non-magnetic rotor bridges as an adjustment to the equivalent airgap length. This mtor Carter coefficient is calculated using the following equation: Kcr is the mtor Carter coefficient hm is the total thickness of the two magnets rro is the rotor outer radius g is the airgap thickness p is the number of pole pairs It should he noted that this rotor-based Carter coefficient does not have to be introduced for Design #2 since only the rotor center posts are heat-treated to be non-magnetic in this case. Finite element analysis has confmed that the use of saturating bridges avoids the distinct rotor slotting effect that requires the use of a rotor Carter coefficient for Design #I. Figure 4 shows the equivalent circuit for calculating the magnet flux linkage APM for the cases of regular MI9 steel and Design #2 using saturable bridges. Here again, the key assumption for using this model is that the bridges are fully saturated so that they can he modeled as constant flux sonrces shorting fixed amount of the magnet flux linkage. In the case of regular silicon steel:
C.
ar and a 2 are flux l i g e sources to model saturable bridges and center posts (baseline and Design #2) Bs is the magnetic flux density saturation level of the rotor magnetic material (M19 or YEP-FAI) b, is the bridge thickness c , is half the center post thickness (for baseline case only; 0 for Design #2) L is the a d v e length For the Design #I case with non-magnetic bridges and center posts, the same model in Fig. 4 can be used except that the two flux linkage sources asr and are deleted since the saturable bridges and posts are both absent. As discussed above for the Ld calculations, the reluctances of the uonmagnetic bridges and center posts are sufficiently high that their impact on the magnet flux linkage can be ignored for Design #I. Similarly, the impact of the non-magnetic center posts in Design #2 is very small so that they are not included in Fig. 4 A few observations are offered to help recognize the key physical differences between the three designs. First, it should be noted that Design #I with non-magnetic bridges and center posts optimized as a IO-pole configuration while the baseline and Design #2 machines both optimized with 12 poles. The impact of the new bi-state material is apparent first in the dimensions of the bridges and center posts in Design #I and Design #2. While the baseline machine is limited to 1 mm bridge and post dimensions in order to avoid unacceptably high levels of magnet flux shunting, the bridge width in Design #1 and the center post width in Design #2 are both widened to 4 nun since they are nonmagnetic.
The impact of this flux shunting effect is most apparent in a comparison of the required magnet remanent flux density 17, for the three machines. It is interesting to note that the is approximately 10% greater than that of either the baseline or Design #2 machines (271.7mm). In addition, the airgap length in the Design #I machine (0.4") is 37% shorter than the values for the baseline and Design #2 machines (0.635mm). This smaller airgap compensates for the rotor slotting effect in Design #1 caused by the nonmagnetic bridges as described previously in Section 11, but it makes this machine more difficult to manufacture than the other two designs.
B. Electromagnetic Finite Element Analysis Results
Elecmmametic f~t e element analvsis (FEA) was used to Fig. 8 ) is 6 mwbhuns(rms) compared to 6.4 mwb-tums(ms) using the lumped-parameter model, corresponding to approximately 6% difference. This error is considered to be w i t h i n an acceptable range based on past experience with this IPM machine design process. For Design #2, the FEA-calculated magnet flux linkage (see Fig. 9 ) is 6.23 mWb-huns(ms) while the lumped-parameter models predicts 6.6 mwbtums(rms), indicating a smaller difference of approx. 4%.
A comparison of the magnet flux linkage waveforms in
Figs. 8 and 9 reveals that the waveform for the Design #1 machine contains significantly higher harmonic content than for the Design #2 machine. The underlying reason for this difference is that the slotting effect caused by the nonmagnetic bridges in the Design #I machine results in considerably higher spatial flux harmonics in the airgap than the saturating bridges in Design #2. The impact of this difference will be discussed again below with regard to the torque ripple in the two machines.
relationships for Design #I and #2, respectively, using both Table IV provides a summary of several key metrics and performance characteristics for the two new machine designs using the bi-state magnetic material as well as for the baseline all-MI9 machine. An accompanying set ofbar charts in Figs. 12 through 15 provides convenient visual comparisons of some of the key meaics including peak rotor mechanical stress, electromagnetic weight, machine cost, and drive system (motor plus convelter) cost, respectively.
As indicated in Table IV and Fig. 12 , both of the designs using the bi-state material achieve their primary objective of achieving a significant reduction in the peak rotor mechanical stress. Design #2 provides a stress reduction ofapproximately 65% compared to the baseline machine, while the corresponding stress reduction in Design #1 is in the vicinity of 50%. These stress reductions were calculated using the existing startedaltemator machine as the baseline because detailed stmctwal fnite element stress analyses using ANSYS were performed on this machine [SI. The results for the new machines are approximate since they are calculated using physics-based mechanical stress scaling rules discussed in [SI and 161. These improvements must be weighed against notable disadvantages of using the new material that are apparent in the Table IV entries and accompanying bar charts.
Consistent with earlier comments about its stator diameter, Design #I results in a machine that is heavier than the baseline machine by approximately 26% (see Fig. 13 ), while the sue and weight of the Design #Z machine are nearly identical to that of the baseline machine.
The estimated costs of the Design #1 and #2 machines are both significantly higher than that of the baseline machine (65% higher for Design #I and 30% higher for Design #2; see Fig. 14) . The principal cause of these differences is the cost of the bi-state YEP-FA1 material that is conservatively estimated to be three times the per-kilogram cost of MI9 steel based on information received from the manufacturer. (A summary of the cost estimation formulas and material cost data for the machine and power converter are included in the The cost disadvantage associated with the.new designs persists when comparing the projected combined cost of the machine and power converter (see Fig. 15 , noting suppressed zero for cost axis). It is interesting to note that cost of the converter dominates the combined chive cost because of the high converter current ratings made necessary by the low dc bus voltage (42Vdc). The cost of the converter for the Design #I machine is estimated to be 6% higher than the baseline machine converter because of the significant increase in peak stator current (31%) it requires. The corresponding converter cost premium for the Design #2 machine is notably lower (3%), consistent with its smaller increase in stator current (13%). Figures 16 and 17 show the FEA-calculated torque ripple over one slot pitch with a control angle of 55 deg elec for Designs #1 and #2, respectively. For purposes of these analyses, neither the machine stator nor the rotor is skewed or provided with any special means for minimizing the torque ripple. The stator current is adjusted to the value required to deliver 150 N-m in each case. It can be seen that the torque ripple amplitude for Design #1 is more than twice the ripple amplitude for Design #2. Here again, the slotting effect caused by the non-magnetic bridges in Design #1 appears very clearly in the torque ripple. In comparison, the saturating bridges in Design #2 play a useful role by attenuating the spatial flux harmonics in the airgap.
Appendix [GI.)
Sensitivity analysis shows that the penalties in size, weight, and phase current suffered by the Design #1 and #2 machines are primarily caused by the lower magnetic flux density saturation level of the new bi-state material (1.3T vs.
1.9T for MI9 silicon steel). Overall, the performance and metrics of the Design #2 machine are superior to those of the Design #1 machine in nearly all categories in Table IV .
D. CalculatedLosses, Temperaiures, and Eficiency
Table V provides a comparison of the calculated machine losses, efficiency, and internal temperatures for the three machines. It is interesting to note that the predicted efficiency of the Design #1 machine is nearly 4% higher than the baseline machine, while the efficiency of the Design #2 machine is 1% lower. The efficiency advantage of the Design #I machine is due to its high copper mass compared to the baseline machine (72% higher) that causes the stator windmg losses to drop by over 17% at the 600 rpm (4 kW generating) test condition. The calculated intemal machine temperatures for all t h e machines fall within safe maximum limits for the worst-case operating point, assuming a coolant temperature of 70 degC. The hottest temperature among all the entries is the end winding of Design #2 (177 degC)'that approaches but does not exceed the maximum temperature limit. Although the loss characteristics of the YEP-FA1 material are somewhat poorer than those of MI9 steel, the predicted rotor core losses are relatively low for all three machines. As a result, the calculated magnet temperatures all fall well within their safe operating ranges.
Design #I:
Design #2: Non-magnefic N o n -m g h c Bridges and Center Posts rV. CONCLUSION This investigation has used a direct-drive automotive starter-alternator application to provide valuable insights into the strengths and limitations of applying a new bi-state soft magnetic material in P M synchronous machines. This investigation has demonstrated that the new material can yield new machine designs that provide major improvements in the rotor stluctufal integrity compared to the baseline allsilicon-steel starter-altemator machine while matching the size and weight of the baseline design.
However, the lower saturation flux density and permeability characteristics of the new bi-state material compared to conventional grades of silicon steel extract penalties that appear in one or more forms including higher stator current, higher losses, or largerheavier machines. In addition, the expected cost premium for the new material pushes the total machine cost higher than that of an allsilicon-steel design. [SI [6] [7]
[9] APPENDM Cost Calculation Algorithms The formula used to calculate the machine cost is as follows:
Machine cost = Z(Mass, *Unit Cost, * OverheadFacforz) where the summation is taken over all of the materials used in the construction of the machine (x = copper. M19, magnet, and YEP-FA1 bi-state material, if used)
The formula used to calculate the converter cost is as follows: 
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where Imm is the maximum machine current, corresponding to machine starting current (150 N-m motoring) at 10 rpm.
